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ABSTRACT (250 words) 33 
Aims: It is unclear whether the potential benefits of physical activity differ according to level of 34 
cardiorespiratory fitness (CRF) or strength. The aim of this study was to determine whether the association 35 
between physical activity and mortality is moderated by CRF and grip strength sufficiently to inform health 36 
promotion strategies.  37 
Methods and Results: 498,135 participants (54.7% women) participants from the UK Biobank were included 38 
(CRF data available in 67,702 participants). Exposure variables were grip strength, CRF and physical activity. 39 
All-cause mortality and cardiovascular disease (CVD) events were the outcomes. 8,591 died over median 4.9 40 
years [IQR 4.3-5.5] follow-up. There was a significant interaction between total physical activity and grip 41 
strength (p<0.0001) whereby the higher hazard of mortality associated with lower physical activity was greatest 42 
among participants in the lowest tertile for grip strength (HR:1.11 [95% CI 1.09-1.14]) and lowest amongst 43 
those in the highest grip strength tertile (HR:1.04 [1.01-1.08]). The interaction with CRF did not reach statistical 44 
significance but the pattern was similar. The association between physical activity and mortality was larger 45 
among those in the lowest tertile of CRF (HR:1.13 [1.02-1.26) than those in the highest (HR:1.03 [0.91-1.16]). 46 
The pattern for CVD events was similar. 47 
Conclusions: These data provide novel evidence that strength, and possibly CRF, moderates the association 48 
between physical activity and mortality. The association between physical activity and mortality is strongest in 49 
those with the lowest strength (which is easily measured), and lowest CRF, suggesting that these sub-groups 50 
could benefit most from interventions to increase physical activity.  51 
 52 
Keywords: mortality; cardiovascular disease; physical activity; fitness, strength; UK biobank 53 
 54 
  55 
2 
 
INTRODUCTION  56 
The independent, protective associations of physical activity, cardiorespiratory fitness (CRF) and strength with 57 
mortality are well established, with studies generally reporting stronger associations with mortality for CRF and 58 
strength than physical activity.1-3 Increasing physical activity is a major mechanisms by which CRF and strength 59 
can be increased;4-6  thus the association between physical activity and mortality is partially mediated by its 60 
effect on CRF and strength and is partially independent of them.7 However, around half of the variation in CRF 61 
and strength is inherited8, 9 and it is unclear whether the association between physical activity and mortality is 62 
moderated by a person’s underlying level of CRF and strength. There are limited data suggesting that low levels 63 
of physical activity are associated with increased hazard of mortality in men and women with low CRF but that 64 
the association between physical activity and mortality may be weaker in those with high CRF;1 and data are 65 
completely lacking on whether the association between physical activity and mortality varies by strength.  66 
Understanding the interactions between physical activity, CRF and strength has implications for health 67 
promotion strategies. Currently, physical activity interventions are generally targeted at everyone in the least 68 
active sub-group of the population.10 This is based on the overall curvilinear relationship between level of 69 
physical activity and all-cause mortality which suggests that the incremental benefit is greatest among those 70 
with the lowest baseline level of physical activity.4,11 However this approach assumes that the association 71 
between physical activity and mortality is consistent, irrespective of CRF and strength or other characteristics. If 72 
the relationship between physical activity and mortality does differ according to strength and CRF, information 73 
on grip strength – which is easily measured – and CRF could help to define better the sub-group of the 74 
population who could benefit most from physical activity interventions. The purpose of this study was therefore 75 
to determine whether the associations of physical activity with mortality and cardiovascular disease (CVD) 76 
events were influenced by CRF and grip strength among adults enrolled in UK Biobank, a very large, 77 
prospective, population-based cohort study.      78 
 79 
METHODS 80 
Study design 81 
Between April 2007 and December 2010, UK Biobank recruited 502,682 participants (5.5% response rate), aged 82 
40-69 years from the general population.12 Participants attended one of 22 assessment centres across England, 83 
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Wales and Scotland13 where they completed a touch-screen questionnaire, had physical measurements taken and 84 
provided biological samples, as described in detail elsewhere.13,14 In this prospective, population-based study, 85 
all-cause mortality and incidence of CVD were the outcomes; CRF, grip strength and total physical activity 86 
were the exposure variables; and socio-demographic factors (age, sex, ethnicity, area socioeconomic deprivation 87 
index) smoking status, body mass index, diagnosis of diabetes, cancer, heart disease (stroke, high blood pressure 88 
angina and heart attack) and long standing illness were covariates.  Our sample was restricted to the 498,135 89 
participants who had valid data on mortality status at follow-up, and baseline data for least one of the following: 90 
grip strength, physical activity and CRF. Physical activity and grip strength data were available 498,135 and 91 
495,786 participants respectively.  77,961 participants, recruited from August 2009, underwent a CRF test and 92 
valid CRF data were obtained in 67,702 participants.  93 
Procedures 94 
Date of death was obtained from death certificates held by the National Health Service (NHS) Information 95 
Centre for participants from England and Wales and the NHS Central Register Scotland for participants from 96 
Scotland. Hospital admissions were identified via record linkage to Health Episode Statistics records for 97 
England and Wales and to the Scottish Morbidity Records for Scotland. Incident cardiovascular vascular disease 98 
was defined as an ICD 10 code of I21, I21.4 and I21.9, recorded on a death certificate or hospital admission (see 99 
Supplementary Material for details). Grip strength was assessed using a Jamar J00105 hydraulic hand 100 
dynamometer and the mean of the right hand and left hand values, expressed as kg, was used in the analysis. 101 
CRF was assessed using a 6-minute incremental ramp cycle ergometer test with workload calculated according 102 
to age, height, weight, resting heart rate and sex. Heart rate was monitored pre-exercise, throughout activity and 103 
during recovery via a 4-lead ECG. The work rate at maximal heart rate was estimated by extrapolating the pre-104 
exercise heart rate (i.e. at work rate zero Watts) and the heart rate and work rate at the end of the test, to the age-105 
predicted maximal heart rate (208 – 0.7 x age15 assuming a linear relationship.16 Maximal oxygen uptake (i.e. at 106 
maximal heart rate) was estimated from the regression equation for the relationship between work rate and 107 
oxygen uptake (oxygen uptake (in ml.kg-1.min-1) = 7 + (10.8 x work rate (in Watts))/body mass (in kg))17 and 108 
then expressed in terms of maximal METs (where 1 MET ≡ 3.5 ml.kg-1.min-1). Physical activity was based on 109 
self-report, using the IPAQ short form,18 and total physical activity was computed as the sum of walking, 110 
moderate and vigorous activity, measured as metabolic equivalents (MET-hours/week). Total time spent in 111 
sedentary behaviours were derived from the sum of self-reported time spent driving, using computer and 112 
watching television (TV). Area-based socioeconomic status was derived from postcode of residence, using the 113 
4 
 
Townsend score.19 Age was calculated from dates of birth and baseline assessment. Smoking status was 114 
categorised into never, former and current smoking. Medical history (physician diagnosis of depression, stroke, 115 
angina, heart attack, hypertension, cancer, diabetes, or long-standing illness) was collected from the self-116 
completed, baseline assessment questionnaire. Alcohol intake frequency was collected using a self-reported 117 
lifestyle questionnaire. Height and body weight were measured by trained nurses during the initial assessment 118 
centre visit. Body mass index (BMI) was calculated as (weight/height2) and the WHO criteria to classify BMI 119 
into: underweight <18.5, normal weight 18.5-24.9, overweight 25.0-29.9 and obese ≥30.0 kg.m-2. Body 120 
composition (body fat and fat free mass) were measured using bio-impedance by trained nurses. Further details 121 
of these measurements can be found in the UK Biobank online protocol (http://www.ukbiobank.ac.uk) and our 122 
supplementary material.  123 
 124 
Statistical analyses 125 
The relationship between grip strength, CRF and physical activity were explored using Pearson correlation 126 
coefficients. The associations of grip strength, CRF and total physical activity with all-cause mortality and CVD 127 
events were investigated using Cox-proportional hazard models. Two approaches were used. Firstly, separate 128 
associations of grip strength, CRF and physical activity with mortality/CVD events were calculated.  Grip 129 
strength, CRF and physical activity were treated as continuous variables and hazard ratios (HR) were calculated 130 
per 1-SD difference in fitness, grip strength and total PA, using age- and sex-specific z-scores. To enable 131 
comparability with other reports in the literature, HRs were also calculated for a 5 kg difference in grip strength, 132 
1-MET difference in CRF and 5-MET.h-1.week-1 difference in total physical activity.  Secondly, joint 133 
associations between physical activity, CRF and mortality/CVD events and physical activity, grip strength and 134 
mortality/CVD events were calculated.  Age- and sex-specific quintiles for physical activity and age- and sex-135 
specific tertile for grip strength and CRF were derived and HRs were calculated, with the referent category 136 
comprising individuals who were in both the highest quintile of physical activity and strongest/fittest tertile.  To 137 
investigate whether CRF and/or grip strength moderated the association between physical activity and 138 
mortality/CVD events, we also tested the statistical significance of interaction terms and conducted sub-group 139 
analyses where appropriate.  140 
 141 
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For each of the approaches described above, we ran four incremental models that included an increasing number 142 
of covariates: “model 0” included age, sex; “model 1” included age, sex, ethnicity (white, black, South Asian, 143 
Chinese and other), smoking status (current, former, never), BMI category (underweight, normal weight, 144 
overweight and obese),deprivation index and alcohol intake as covariates; “model 2” also adjusted for 145 
depression, stroke, angina, heart attack, hypertension, cancer, diabetes, or long-standing illness; and “model 3” 146 
also adjusted for total sedentary time per day, as well as total physical activity per day and grip strength as 147 
appropriate. Finally, “model 4” was equivalent to “model 2” but participants with a history of cancer, stroke, 148 
angina or myocardial infarction at baseline were excluded from the analysis. CRF was not included as a 149 
covariate in the models for physical activity or grip strength because data on CRF were only available for ~14% 150 
(n=67,702) of the UK Biobank cohort. The proportional hazard assumption was checked by tests based on 151 
Schoenfeld residuals. All analyses were performed using STATA 14 statistical software (StataCorp LP). 152 
 153 
Ethical Approval  154 
The UK Biobank study was approved by the North West Multi-Centre Research Ethics Committee and all 155 
participants provided written informed consent to participate in the UK Biobank study. The study protocol is 156 
available online (http://www.ukbiobank.ac.uk/). 157 
 158 
RESULTS 159 
8,591 (1.7%) participants died over a median follow-up period of 4.9 years [IQR 4.3-5.5] and 2.1 years for CVD 160 
[IQR 1.4 to 2.8]. Over the follow-up period, 8,591 participants died and there were 3,433 CVD events, of which 161 
2,787 were fatal. 162 
The main characteristics of the participants by quintiles of total physical activity, tertile of CRF and grip 163 
strength are summarised in Tables S1, S2 and S3, respectively. The correlation between grip strength and CRF 164 
was moderate (r=0.415, p<0.0001), but total physical activity only correlated weakly with both CRF (r=0.111, 165 
p<0.0001) and grip strength (r=0.088, p<0.0001). Excluding people with diabetes, cancer, long standing illness 166 
and heart-related disease in a sensitivity analysis did not alter these correlations (Table S4).  167 
Table 1 shows the HRs for all-cause mortality for physical activity, grip strength and CRF.  Higher levels of 168 
activity, strength and CRF were associated with lower mortality, with stronger associations observed for grip 169 
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strength and CRF than for physical activity.  These associations were slightly attenuated, but remained 170 
statistically significant, after adjustment for potential confounders. Similar findings were observed when CVD 171 
events was the outcome (Table S5).   172 
 173 
Table 2 shows the association between physical activity and mortality, stratified by grip strength and CRF 174 
tertile, with those with the highest activity as the reference group within in strength/CRF tertile.  Figure 1 175 
displays these data with the most active and most fit/strong individuals as reference group.  There was a 176 
statistically significant interaction between physical activity and grip strength with mortality with the HR per 177 
quintile change in physical activity being almost three times as great in those low compared with high grip 178 
strength.  A similar pattern was observed for CRF, but the interaction was not statistically significant.  Figure 2 179 
and Supplementary Table S6 show the same data for CVD events.  Here a significant increase in CVD events 180 
with decreasing physical activity was only observed in those in the lowest tertile for grip strength or CRF.  181 
There was a statistically significant interaction between physical activity and grip strength with CVD events.  182 
When the sensitivity analyses were performed following exclusion of all participants with a history of cancer, 183 
stroke, angina or heart attack from the analysis, the findings were not substantially altered (Table 1 and Table 184 
S5, model 4). Similarly, when first year follow-up events were removed from the analysis the results were not 185 
altered.  186 
 187 
DISCUSSION  188 
The main finding of this study is that the association of physical activity with mortality and CVD events is 189 
moderated by grip strength and possibly CRF. Grip strength and CRF were moderately correlated with each 190 
other, but both had weak correlations with self-reported physical activity: all three factors were associated with 191 
mortality, independent of each other and potential confounders. The associations between grip strength (HR of 192 
1.35 per SD difference) and CRF (HR 1.29) with mortality were of similar magnitude and were both stronger 193 
than the association physical activity (HR 1.15) and mortality in the group overall. However, although physical 194 
activity was inversely associated with all-cause mortality in all levels of grip strength and those with low and 195 
middle CRF, the association was strongest in those with the lowest strength, and possibly lowest CRF, 196 
suggesting that these sub-groups would potentially benefit most from interventions aimed at increasing physical 197 
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activity.  For CVD events, significant increases in risk with decreasing physical activity were only evident in 198 
those with the lowest strength or lowest CRF. The evidence is stronger in relation to grip strength which could 199 
be easily measured in clinical practice and, therefore, may be a useful method of identifying a high risk group 200 
and targeting interventions accordingly. 201 
 202 
Our finding of inverse associations between of CRF,2 grip strength20 and total physical activity3 and all-cause 203 
mortality is in agreement with previous studies.  A meta-analysis conducted on 102,980 study participants 204 
reported that 1-MET lower CRF was associated with a 13% increased hazard of all-cause mortality.2 These 205 
results are similar to our findings, where we show that 1-MET lower CRF is associated with a HR of 1.11 for 206 
all-cause mortality. In our study, adjusting for a history of disease and excluding participants with pre-existing 207 
CVD-related diseases or prior cancer, attenuated the HR for a 1-MET reduction in CRF by about a third to 1.08. 208 
A similar association was observed for grip strength, where a 5-kg lower grip strength was associated with a HR 209 
of 1.22 for all-cause mortality. A comparable result was reported in a recent study conducted on the 139,691 210 
participants in the PURE study,20 where a 5 kg lower grip strength was associated with a HR of 1.16 for all-211 
cause mortality. As was observed for CRF, our HR for all-cause mortality per 5-kg reduction in grip strength 212 
was attenuated by about a third to 1.12 HR after adjusting the model for disease history or by excluding 213 
participants with pre-existing CVD-related diseases or cancer. Thus, low CRF and grip strength were both 214 
significantly associated with higher mortality hazard, independent of pre-existing disease, and our results appear 215 
to have good external validity.   216 
 217 
Blair et al.1 reported an inverse additive association of physical activity and CRF in relation to all-cause 218 
mortality among 35,519 participants from the Aerobic Centre Longitudinal Study. Mortality was highest among 219 
the unfit, inactive group and lowest among the fit, highly active group. However, when these analyses were 220 
adjusted for confounders, the association disappeared,1 possibly due to insufficient statistical power. Our study 221 
has substantially greater statistical power due to its much larger size. The trends demonstrated in Figure 1 222 
clearly illustrate that for those who have low CRF or grip strength, there is a strong, dose-related relationship 223 
between physical activity and all-cause mortality whereas among those with high CRF or grip strength, the 224 
association is much weaker. These findings are relevant for public health policies which currently encourage 225 
increased physical activity among all those who are physically inactive, however based on our results, tailoring 226 
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physical activity interventions at individuals who have low grip strength or low CRF it may have a greater 227 
impact on reducing disease or mortality outcomes for these individuals who have a ‘low fitness profile’ (i.e. 228 
physically inactive plus low strength or low CRF). There is evidence from longitudinal observational studies 229 
showing that inactive individuals who increased their PA levels or fitness show a greater reduction on all-cause, 230 
and cardiovascular mortality.21 However, is unknown whether individuals, who have a ‘low fitness profile’, 231 
could actually benefit even more by increasing their PA, therefore this need to be further investigated using 232 
appropriate intervention trials. Regarding the applicability of CRF or grip strength on clinical settings, we know 233 
that CRF is not easy to measure in routine clinical practice, however, grip strength requires little training, is 234 
simple and cheap to administer, and has high reproducibility.22 Therefore, it could easily be administered as a 235 
screening tool in routine clinical practice to identify individuals for whom increasing physical activity would be 236 
particularly beneficial.22 237 
 238 
Hand-grip strength is highly correlated with leg strength, and thus provides a valid index of overall limb muscle 239 
strength throughout the age range.23 There is some evidence to suggest that resistance training interventions – 240 
which improve strength – have been shown to increase in glycolytic capacity and up-regulate insulin action and 241 
capacity for glucose utilization in muscle.24 Randomized trials have also shown that resistance exercise training 242 
can improve glucose regulation, lipid levels, and reduce adiposity and type 2 diabetes risk,25 all well-known risk 243 
factors for mortality. Thus, the association between grip strength and mortality is mechanistically plausible.  244 
Similarly, animal model studies have demonstrated that selective breeding low cardiorespiratory fitness leads to 245 
an adverse cardio-metabolic risk profile26 and reduced life-expectancy27 in rats, implying a causal relationship 246 
between CRF and mortality. 247 
 248 
Strengths and limitations 249 
The UK Biobank provided an opportunity to test our research question in a very large, prospective cohort and 250 
the main outcome used in this study was collected using NHS deaths records. Additionally, strength and CRP 251 
were objectively assessed using validated methods, trained staff and standard operating procedures. Hand-grip 252 
strength is highly correlated with leg strength, and provides a valid index of overall limb muscle strength 253 
throughout the age range.23 Although the response rate to UK Biobank was only 5.5%, the UK Biobank cohort 254 
is representative of the general population with respect to age, sex, ethnicity and deprivation within the age 255 
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range recruited, although it is not representative in other regards.12 Whilst this limits the ability to generalize 256 
prevalence rates, estimates of the magnitude of associations regarding disease or mortality risk in the current 257 
study will not be affected by this and will therefore be generalizable.12,28 Reverse causality is possible in any 258 
observational study; however, when all participants with existing disease were removed from the analysis the 259 
effect and direction of the association remained significant. Although existing disease and comorbidities before 260 
the UK Biobank measurement day were self-reported, these self-reported records were based on disease that had 261 
been medical diagnosed.  Data for atrial fibrillation and heart failure were not explicitly reported as separate 262 
conditions in the dataset at baseline, but these conditions are likely to have been captured in the ‘long-standing 263 
illness’ variable that we adjusted for in our models. Thus, any potential confounding effects of these conditions 264 
would have been largely captured in our statistical adjustments. Endpoint determination for CVD events was 265 
based only on ICD-10 codes and was not subject to further scientific adjudication.  Physical activity was 266 
measured by self-report using a validated questionnaire. Thus misreporting of activity levels may have 267 
attenuated the association between physical activity and mortality compared to objective physical activity 268 
measurement.29 However this is unlikely to have substantially confounded the differential influence of physical 269 
activity on mortality risk across the grip strength and CRF groups, unless the extent misreporting of physical 270 
activity was systematically higher in the high CRF and high grip strength groups, where the effects of physical 271 
activity on mortality were least strong. CRF data were only available in ~14% of participants, although this sub-272 
group was representative of the wider cohort (see Tables S1 and S2). However, the absence of a significant 273 
interaction between CRF and physical activity with mortality – despite similar trends to those for the grip 274 
strength and physical activity with mortality – may reflect a lack of statistical power to detect effect in this 275 
smaller sample. As dietary intake data were only available for around half of the cohort (n=211,066) we did not 276 
include this as covariate in our models. Alcohol intake was available for the entire cohort and we did adjust for 277 
this; however, we cannot exclude the possibility that other that dietary factors could have influence our findings. 278 
 279 
In conclusion, insufficient physical activity is a preventable contributor to the global burden of morbidity and 280 
mortality. However to maximise potential public health gains population level interventions to encourage 281 
physical activity in the whole population could be complemented by specific interventions targeted at the sub-282 
group of the population who are at highest risk. CRF and strength are both predictors of all-cause mortality and 283 
CVD events independent of physical activity. Our results suggest that the ability of physical activity to reduce 284 
hazard of death or CVD events may be greatest among those with low baseline strength and fitness. Current 285 
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guidelines advocate targeting physical activity interventions merely on the basis of current levels of physical 286 
activity. Our findings suggest that targeting on the basis of strength, and possibly fitness, could greatly improve 287 
our ability to identify those individuals who could benefit most, thereby increasing the clinical and cost 288 
effectiveness of physical activity interventions. These conclusions require testing in the context of a future 289 
randomised controlled trial.  290 
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Figure Legends. 371 
Figure 1.  Association between all-cause mortality and physical activity within cardiorespiratory fitness 372 
(panel A) and grip strength (panel B) strata.   373 
Data presented as Hazard Ratio (95%CI), adjusted for age, sex, ethnicity, deprivation index, BMI, smoking 374 
status, total sedentary time, alcohol intake, depression, diabetes, hypertension, cancer diagnosis, stroke, angina, 375 
heart attack and long standing illness. Q5 represents highly active individuals and Q1 highly inactive 376 
individuals. Individuals in the highest quintile of physical activity (Q5) and the highest tertile for 377 
cardiorespiratory fitness or grip strength were used as the reference group (*). P-interaction describes the 378 
interaction between physical activity and cardiorespiratory fitness or grip strength with all-cause mortality; P-379 
trend describes the association between physical activity with all-cause mortality within tertiles for 380 
cardiorespiratory fitness or grip strength. 381 
 382 
Figure 2.  Association between cardiovascular disease (CVD) events and physical activity within 383 
cardiorespiratory fitness (panel A) and grip strength (panel B) strata.   384 
Data presented as Hazard Ratio (95%CI), adjusted for age, sex, ethnicity, deprivation index, BMI, smoking 385 
status, total sedentary time, alcohol intake, depression, diabetes, hypertension, cancer diagnosis, stroke, angina, 386 
heart attack and long standing illness. Q5 represents highly active individuals and Q1 highly inactive 387 
individuals. Individuals in the highest quintile of physical activity (Q5) and the highest tertile for 388 
cardiorespiratory fitness or grip strength were used as the reference group (*). P-interaction describes the 389 
interaction between physical activity and cardiorespiratory fitness or grip strength with CVD events; P-trend 390 
describes the association between physical activity with CVD events within tertiles for cardiorespiratory fitness 391 
or grip strength. 392 
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Table 1.  Cox proportional hazard model of the association between physical activity, grip strength and cardiorespiratory fitness and all-cause mortality 
 n n deaths  P  P 
Physical activity   HR per 1 SD decrease  HR per 5 MET.hr-1.week-1 
decrease 
 
Model 0 498,135 8,588 1.15(1.12;1.18) <0.0001 1.04(1.03;1.05) <0.0001 
Model 1 479,495 8,207 1.13(1.10;1.15) <0.0001 1.03(1.03;1.04) <0.0001 
Model 2 462,422 7,809 1.09(1.06;1.12) <0.0001 1.03(1.02;1.03) <0.0001 
Model 3 461,919 7,784 1.07(1.05;1.10) <0.0001 1.02(1.01;1.03) <0.0001 
Model 4 384,794 4,208 1.05(1.02;1.09) <0.0001 1.01(1.00;1.02) <0.0001 
Grip strength   HR per 1 SD decrease   HR per 5 kg decrease  
Model 0 495,786 8,491 1.35(1.32;1.38) <0.0001 1.21(1.20;1.23) <0.0001 
Model 1 478,968 8,181 1.29(1.26;1.31) <0.0001 1.18(1.16;1.20) <0.0001 
Model 2 461,919 7,784 1.19(1.16;1.22) <0.0001 1.12(1.11;1.14) <0.0001 
Model 3 461,919 7,784           1.19(1.16;1.21) <0.0001 1.12(1.10;1.14) <0.0001 
Model 4 384,794 4,208 1.18(1.14;1.21) <0.0001 1.12(1.09;1.14) <0.0001 
Cardiorespiratory fitness   HR per 1 SD decrease  HR per 1-MET decrease  
Model 0 67,702     597 1.29(1.18;1.41) <0.0001 1.11(1.07;1.15) <0.0001 
Model 1 64,637   577 1.29(1.17;1.42) <0.0001 1.11(1.07;1.15) <0.0001 
Model 2 62,507 549 1.23(1.11;1.35) <0.0001 1.09(1.04;1.13) <0.0001 
Model 3 61,859 543 1.19(1.08;1.32) <0.0001 1.07(1.03; 1.12) <0.0001 
Model 4 52,266 319 1.22(1.07;1.39) <0.0001 1.08(1.03; 1.14) <0.0001 
 
Data presented as Hazard Ratio (95%CI). A 1 SD change in fitness, grip strength and total physical activity is equivalent to 2.3 METs, 6.2 kg and 2845 MET.hr-1.week-1 for 
women and 2.7 METs, 8.9 kg and 3379 MET.hr.week-1 for men, respectively. 
Model 0 was adjusted for age and sex. 
Model 1 was adjusted for sex, age, ethnicity, smoking status, deprivation index, BMI and alcohol intake. 
Model 2 was adjusted for model 0 plus depression, stroke, angina, heart attack, hypertension, cancer, diabetes, or long-standing illness. 
Model 3 for grip strength was adjusted for model 1 plus total sedentary time and total physical activity.  
Model 3 for fitness was adjusted for model 1 plus total sedentary time, total physical activity and grip strength.  
Model 3 for total physical activity was adjusted for model 1 plus total sedentary time and grip strength.  
Model 4 was adjusted as model 2 but individuals with cancer, stroke, angina and heart attack were excluded.  
SD standard deviation; HR hazard ratio; MET basal metabolic equivalent. 
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Table 2. Cox proportional hazard models of the association between physical activity and all-cause mortality by tertile of cardiorespiratory fitness and grip 
strength. 
   Quintiles of Physical Activity    
All Total 
number 
Number 
of deaths 
Q5 (Highest) Q4 Q3 Q2 Q1 (Lowest) Hazard Ratio 
per one quintile 
change in 
physical activityⱡ 
P-trend P-
interaction 
Cardiorespiratory 
fitness* 
         
 
 
Lowest  20,227 224 1.00(reference) 1.26(0.78;2.03) 1.31(0.83;2.08) 1.54(0.96;2.47) 1.63(1.04;2.54) 1.13(1.02;1.26) 0.025 
0.579 Middle 20,733    176 1.00(reference) 0.97(0.60;1.57) 0.86(0.52;1.43) 1.25(0.79;1.96) 1.55(0.98;2.47) 1.11(1.01;1.22) 0.022 
Highest  21,059   147 1.00(reference) 1.01(0.56;1.80) 0.95(0.58;1.55) 0.98(0.61; 1.56) 1.22(0.75;1.97) 1.03(0.91;1.16) 0.633 
Grip strength*           
 
Lowest  161,007   3,473 1.00(reference) 1.06(0.94;1.21) 1.11(0.98;1.26) 1.30(1.15;1.45) 1.51(1.35;1.68) 1.11(1.09;1.14) <0.0001 
<0.0001 Middle  157,296    2,438 1.00(reference) 0.95(0.83;1.08) 0.97(0.85;1.10) 1.05(0.93;1.20) 1.27(1.12;1.44) 1.06(1.03;1.09) <0.0001 
Highest   143,616   1,873 1.00(reference) 0.88(0.76;1.02) 0.98(0.85;1.13) 0.97(0.84;1.12) 1.19(1.04;1.37) 1.04(1.01;1.08) 0.007 
 
Data presented as adjusted Hazard Ratio (95%CI). ⱡ HR are presented per quintile decrease in PA by fitness and grip strength strata.  
*Analyses were adjusted for age, sex, ethnicity, deprivation index, BMI, smoking status, total sedentary time, alcohol intake, depression, stroke, angina, heart attack, 
hypertension, cancer, diabetes, or long-standing illness. 
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SUPPLEMENTARY MATERIAL 
 
Supplementary methods 
Death records 
Date of death was obtained from death certificates held by the National Health Service (NHS) Information 
Centre for participants from England and Wales and the NHS Central Register Scotland for participants from 
Scotland. Detailed information about the record linkage procedure is available online.1, 2 At the time of analysis, 
mortality data were available up to 17 February 2014 for England and Wales and 31 December 2012 for 
Scotland. Therefore, the follow-up period for participants was from the date of their UK Biobank baseline 
assessment to either 17 February 2014 (England and Wales) or 31 December 2012 (Scotland) or date of death if 
this occurred earlier.  
 
Cardiovascular events   
Date and cause of death were obtained from death certificates held by the National Health Service (NHS) 
Information Centre for participants from England and Wales and the NHS Central Register Scotland for 
participants from Scotland. Date and cause of hospital admissions were identified via record linkage to Health 
Episode Statistics (HES) records for England and Wales and to the Scottish Morbidity Records (SMR1) for 
Scotland. Detailed information about the record linkage procedure is available online.1,2 At the time of analysis, 
mortality data were available up to 17 February 2014 for England and Wales and 31 December 2012 for 
Scotland. Therefore, for the analyses of mortality, follow-up was censored at these dates, or at the date of death 
if this occurred earlier. Hospital admission data were available for the Scottish and English/Welsh participants 
until the 30th June 2012 and 1st March 2011 respectively. Therefore, for CVD fatal and nonfatal events, end of 
follow up was classified as these dates unless preceded by the date of death or the date of first cardiovascular. 
Incident cardiovascular disease was defined as an ICD 10 code of I21, I21.4 or I21.9 recorded on a death 
certificate or hospital admission.  
 
Physical activity 
Physical activity was based on self-report, using the IPAQ short form, with participants reporting frequency and 
duration of walking, moderate and vigorous activity undertaken in a typical week.8 Data were analysed in 
accordance with the International Physical Activity Questionnaire (IPAQ) scoring protocol 
(http://www.ipaq.ki.se/scoring.pdf), and total physical activity was computed as the sum of walking, moderate 
and vigorous activity, measured as metabolic equivalents (MET-hours/week). Total time spent in sedentary 
behaviours were derived from the sum of self-reported time spent driving, using computer and watching 
television (TV).  Physical activity was used in analyses as a continuous variable, and as a categorical variable 
with participants stratified into age- and sex-specific quintiles as described in Table S7.  
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Grip strength  
Grip strength was assessed using a Jamar J00105 hydraulic hand dynamometer and the mean of the right hand 
and left hand values, expressed as kg, was used in the analysis. Isometric grip force was assessed from a single 
3-second maximal grip effort of the right and left arms with the participant seated upright with their elbow by 
their side and flexed at 90º so that their forearm was facing forwards and resting on an armrest. The mean of the 
right and left values, expressed as kg, was used in the analysis. Measurements of grip strength taken with the 
Jamar dynamometer have evidence for good to excellent (r > 0.80) test–retest reproducibility3 and excellent (r = 
0.98) inter-rater reliability.4 A total of 1,612 participants did not complete the grip strength test due to health 
issues (n=1,254), equipment failure (n=296) or declined performing the test (n=62). Grip strength was used in 
analyses as a continuous variable, and as a categorical variable with participants stratified into age- and sex-
specific tertiles as described in Table S8.  
 
 
Cardiorespiratory fitness (CRF) 
77,961 participants underwent a 6-minute incremental ramp cycle ergometer test with workload calculated 
according to age, height, weight, resting heart rate and sex. Heart rate was monitored pre-exercise, throughout 
activity and during recovery via a 4-lead ECG. The work rate at maximal heart rate was estimated by 
extrapolating the pre-exercise heart rate (i.e. at work rate zero Watts) and the heart rate and work rate at the end 
of the test, to the age-predicted maximal heart rate (208 – 0.7 x age5 assuming a linear relationship6 Maximal 
oxygen uptake (i.e. at maximal heart rate) was estimated from the regression equation for the relationship 
between work rate and oxygen uptake (oxygen uptake (in ml.kg-1.min-1) = 7 + (10.8 x work rate (in 
Watts))/body mass (in kg))7 and then expressed in terms of maximal METs (where 1 MET ≡ 3.5 ml.kg-1.min-1). 
10,252 participants were further excluded from the analysis due to abnormal heart rate records during the 
exercise test (maximal recorded heart rate <40 beats.min-1 or >220 beats.min-1) or missing data for factors used 
in the equation to estimate CRF, leaving a final sample of 67,702 available for data analysis. CRF was used in 
analyses as a continuous variable, and as a categorical variable with participants stratified into age- and sex-
specific tertiles as described in Table S9. 
 
Socio-demographic and other covariates 
Area-based socioeconomic status was derived from postcode of residence, using the Townsend deprivation 
index which is derived from census data on housing, employment, social class and car availability.9 Age was 
calculated from dates of birth and baseline assessment. Smoking status was categorised into never, former and 
current smoking. Medical history (physician diagnosis of long-standing illness, stroke, angina, myocardial 
infarction, hypertension, cancer, diabetes and other cardiovascular diseases (CVDs)) was collected from the 
self-completed, baseline assessment questionnaire.  
 
Anthropometrics and body composition 
Height and body weight were measured by trained nurses during the initial assessment centre visit. Body mass 
index (BMI) was calculated as (weight/height2) and the WHO criteria10 to classify BMI into: underweight <18.5, 
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normal weight 18.5-24.9, overweight 25.0-29.9 and obese ≥30.0 kg.m-2. Body composition (body fat and fat free 
mass) were measured using bio-impedance by trained nurses. Weight and percentage body fat (by bio-
impedance) were measured, without shoes or outdoor clothing, using the Tanita BC 418MA body composition 
analyser. Height was measured, without shoes, using the wall-mounted SECA 240 height measure.  
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Supplementary results  
Table S1. Baseline characteristics by quintiles of physical activity 
  Quintiles of Total Physical Activity 
 All Q5 (Highest) Q4 Q3 Q2 Q1 (Lowest) 
Socio-demographic       
n 498,135 99,515 100,850 99,612 98,325 99,833 
Women, n (%) 272,217 (54.6) 54,383 (54.6) 55,026 (54.6) 54,418 (54.6) 53,804 (54.7) 54,586 (54.7) 
Age (years), mean (SD) 56.55 (8.1) 56.57 (8.2) 56.48 (8.2) 56.50 (8.1) 56.56 (.8.0) 56.61 (7.9) 
Deprivation Townsend score, mean (SD) -1.30 (3.1) -1.28 (3.1) -1.45 (3.0) -1.42 (3.0) -1.35 (3.1) -0.99 (3.25) 
Ethnicity  
Whites 
South Asians 
Blacks 
Chinese 
Mixed background 
Others 
 
468,604 (94.6) 
9,818 (2.0) 
7,966 (1.6) 
1,555 (0.3) 
2,924 (0.6) 
4,514 (0.9) 
 
94,683 (95.9) 
1,429 (1.4) 
1,417 (1.4) 
271 (0.3) 
613 (0.6) 
771 (0.8) 
 
95,776 (95.2) 
1,648 (1.6) 
1,490 (1.5) 
256 (0.2) 
594 (0.6) 
784 (0.8) 
 
94,170 (94.8) 
1,806 (1.8) 
1,518 (1.5) 
325 (0.3) 
593 (0.6) 
870 (0.9) 
 
92,232 (94.1) 
2,279 (2.3) 
1,601 (1.6) 
351 (0.4) 
561 (0.6) 
979 (1.0) 
 
91,743 (93.3) 
2,656 (2.7) 
      1,940 (2.0) 
352 (0.3) 
563 (0.6) 
1,110 (1.1) 
Smoking status, n (%) 
   Never 
   Previous 
   Current  
 
271,531 (54.8) 
171,564 (34.6) 
52,101 (10.5) 
 
53,479 (53.9) 
34,930 (35.2) 
10,782 (10.9) 
 
55,922 (55.6) 
35,622 (35.4) 
9,015 (9.0) 
 
55,755 (56.1) 
34,553 (34.8) 
9,008 (9.1) 
 
54,531 (55.7) 
33,368 (34.1) 
10,074 (10.3) 
 
51,844 (52.8) 
33,091 (33.7) 
      13,222 (13.5) 
Anthropometric       
BMI, mean (SD) 27.43 (4.8) 26.76 (4.3) 26.90 (4.4) 27.17 (4.5) 27.66 (4.8) 28.67 (5.5) 
BMI Categories, n (%) 
   Underweight  (<18.5) 
   Normal weight (18.5-24.9) 
   Overweight (25.0 to 29.9) 
   Obese (≥30.0) 
 
2,609 (0.5) 
161,270 (32.6) 
210,229 (42.4) 
121,120 (24.5) 
 
591 (0.6) 
36,621 (36.9) 
42,511 (42.9) 
19,456 (19.6) 
 
523 (0.5) 
36,209 (36.0) 
43,074 (42.8) 
20,710 (20.6) 
 
485 (0.5) 
33,519 (33.8) 
43,149 (43.5) 
22,116 (22.3) 
 
500 (0.5) 
30,027 (30.7) 
41,795 (42.7) 
25,576 (26.1) 
 
510 (0.5) 
24,894 (25.3) 
39,700 (40.4) 
    33,262 (33.8) 
% Body fat, mean (SD) 31.48 (8.5) 30.18 (8.3) 30.65 (8.4) 31.26 (8.4) 32.08 (8.5) 33.29 (8.8) 
Fat free mass (kg), mean (SD) 53.17 (11.5) 52.88 (11.3) 53.05 (11.4) 53.11 (11.4) 53.25 (11.5) 53.55 (11.7) 
Fitness, strength and physical activity       
Fitness (METs), mean (SD) 9.53 (2.7) 9.92 (2.8) 9.68 (2.8) 9.58 (2.7) 9.42 (2.6) 8.85 (2.5) 
Tertile of fitness       
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   Low, n (%) 
   Medium, n (%) 
   High, n (%) 
22,385 (33.3) 
22,377 (33.3) 
22,410 (33.4) 
3,888 (27.2) 
4,614 (32.3) 
5,794 (40.5) 
5,101 (33.0) 
4,711 (30.5) 
5,640 (36.5) 
4,447 (31.7) 
4,839 (34.5) 
4,759 (33.9) 
3,891 (31.5) 
4,644 (37.6) 
3,810 (30.9) 
5,058 (45.8) 
3,569 (32.3) 
2,407 (21.8) 
Grip strength (kg), mean (SD) 30.56 (11.0) 31.35 (11.0) 31.11 (10.9) 31.78 (10.9) 30.28 (10.9) 29.23 (11.2) 
Tertile of grip strength    
   Low, n (%) 
   Medium, n (%) 
   High, n (%) 
 
176,361 (35.6) 
167,698 (33.8) 
151,727 (30.6) 
 
31,179 (31.4) 
34,148 (34.4) 
33,858 (34.1) 
 
32,804 (32.6) 
34,809 (34.6) 
32,933 (32.7) 
 
34,125 (34.4) 
34,235 (34.5) 
30,917 (31.1) 
 
36,260 (37.0) 
33,114 (33.8) 
28,567 (29.2) 
 
41,993 (42.5) 
31,392 (31.8) 
25,452 (25.7) 
Total PA (MET.h-1.week-1), mean (SD) 41.07 (51.7) 121.99 (63.7) 43.63 (11.5) 24.43 (4.6) 13.06 (7.4) 2.00 (2.3) 
Sedentary behaviour (h.day-1) 5.01 (2.3) 4.76 (2.0) 4.91 (2.2) 4.07 (2.2) 5.12 (2.3) 5.32 (2.7) 
Medical history, n (%)       
Diabetes  26,142 (5.3) 3,864 (3.9) 4,382 (4.3) 4,627 (4.7) 5,633 (5.7) 7,636 (7.8) 
Cancer    38,362 (7.7) 7,517 (7.6) 7,552 (7.5) 7,553 (7.6) 7,666 (7.8) 8,074 (8.2) 
Myocardial infarction 11,481 (2.3) 1,941 (1.9) 2,070 (2.1) 2,107 (2.1) 2,310 (2.4) 3,053 (3.1) 
Angina  11,240 (2.3) 1,933 (1.9) 1,936 (1.9) 2,110 (2.1) 2,287 (2.3) 2,974 (3.0) 
Stroke  6,179 (1.2) 1,062 (1.1) 1,037 (1.0) 1,109 (1.1) 1,208 (1.2) 1,763 (1.8) 
Hypertension 119,167 (24.0) 21,766 (21.9) 22,558 (22.4) 23,429 (23.6) 24,504 (25.0) 26,910 (27.4) 
Long-standing illness 158,418 (32.7) 28,445 (29.2) 28,546 (28.9) 29,453 (30.2) 31,871 (33.2) 40,103 (42.1) 
BMI body mass index; PA physical activity; MET basal metabolic-equivalent; Q5 highest quintile for physical activity (highly active); Q1 lowest quintile for physical activity 
(highly inactive). SD standard deviation; n number 
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Table S2. Participants' characteristics by tertile of cardiorespiratory fitness 
 Overall Lower Middle Higher 
Socio-demographic 
n 
 
67,702 
 
22,568 
 
22,566 
 
22,568 
Women, n (%) 36,297 (53.6) 12,099 (53.6) 12,099 (53.6) 12,099 (53.6) 
Age (years), mean (SD) 56.57 (8.1) 57.13 (7.9) 56.56 (8.1) 56.02 (8.4) 
Deprivation Townsend score, mean (SD) -1.15 (2.9) -0.83 (3.1) -1.26 (2.9) -1.34 (2.8) 
Ethnicity  
Whites 
South Asians 
Blacks 
Chinese 
Mixed background  
Others 
 
61,337 (91.2) 
2,073 (3.1) 
1,987 (2.9) 
295 (0.4) 
581 (0.9) 
969 (1.4) 
 
19,283 (86.1) 
1,109 (4.9) 
1,264 (5.6) 
74 (0.3) 
211 (0.9) 
453 (2.0) 
 
20,674 (92.3) 
657 (2.9) 
506 (2.3) 
98 (0.4) 
183 (0.8) 
286 (1.3) 
 
21,380 (95.3) 
307 (1.4) 
217 (1.0) 
123 (0.5) 
187 (0.8) 
230 (1.0) 
Smoking status, n (%) 
   Never 
   Previous 
   Current  
 
37,782 (56.1) 
23,381 (34.7) 
6,146 (9.1) 
 
12,990 (57.9) 
7,582 (33.8) 
1,843 (8.2) 
 
12,524 (55.8) 
7,793 (34.7) 
2,111 (9.4) 
 
12,268 (54.6) 
8,006 (35.6) 
2,192 (9.8) 
Adiposity     
BMI, mean (SD) 27.15 (4.5) 29.19 (5.0) 26.95 (3.9) 25.30 (3.6) 
BMI Categories, n (%) 
   Underweight  (<18.5) 
   Normal weight (18.5-24.9) 
   Overweight (25.0 to 29.9) 
   Obese (≥30.0) 
 
325 (0.5) 
22,950 (33.9) 
29,126 (43.0) 
15,296 (22.6) 
 
56 (0.2) 
4,405 (19.5) 
9,515 (42.2) 
8,589 (38.1) 
 
76 (0.3) 
7,348 (32.6) 
10,678 (47.3) 
4,464 (19.8) 
 
193 (0.9) 
11,197 (49.6) 
8,933 (39.6) 
2,243 (9.9) 
% Body fat, mean (SD) 31.15 (8.4) 34.07 (8.4) 31.13 (7.9) 28.25 (7.8) 
Fat free mass (kg), mean (SD) 53.30 (11.5) 53.91 (11.7) 53.11 (11.4) 52.88 (11.2) 
Fitness and Physical activity     
Fitness (METs), mean (SD) 9.53 (2.7) 7.12 (1.5) 9.35 (1.5) 12.12 (2.4) 
Grip strength (kg), mean (SD) 30.04 (10.6) 29.26 (10.6) 30.11 (10.7) 30.76 (10.5) 
Tertile of grip strength    
   Low, n (%) 
   Middle, n (%) 
   High, n (%) 
 
26,581 (39.4) 
23,322 (34.5) 
17,623 (26.1) 
 
9,962 (44.3) 
7,403 (32.9) 
5,142 (22.9) 
 
8,784 (39.0) 
7,799 (34.7) 
5,912 (26.3) 
 
7,835 (34.8) 
8,120 (36.0) 
6,569 (29.2) 
Total PA (MET.h-1.week-1), mean (SD) 43.17 (51.8) 37.08 (49.6) 42.63 (50.8) 49.78 (54.0) 
Sedentary behaviour (h.day-1) 5.07 (2.3) 5.36 (2.5) 5.11 (2.3) 4.75 (2.1) 
Medical history, n (%)     
Diabetes  3,345 (5.0) 1,726 (7.7) 948 (4.2) 671 (3.0) 
Cancer       5,284 (7.8) 1,827 (8.2) 1,764 (7.9) 1,693 (7.5) 
Myocardial infarction 1,084 (1.6) 397 (1.8) 298 (1.3) 389 (1.7) 
Angina  1,044 (1.5) 445 (2.0) 288 (1.3) 311 (1.4) 
Stroke  702 (1.0) 289 (1.3) 223 (1.0) 190 (0.8) 
Hypertension 15,318 (22.7) 6,775 (30.2) 4,695 (20.9) 3,848 (17.1) 
Long-standing illness 19,213 (29.1) 7,646 (35.0) 6115 (27.8) 5,452 (24.6) 
BMI body mass index; PA physical activity; MET basal metabolic-equivalent; SD standard deviation; n number 
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Table S3. Participants' characteristics by tertile of grip strength 
 Overall Lower Middle Higher 
Socio-demographic 
n 
 
495,786 
 
176,361 
 
167,698 
 
151,727 
Women, n (%) 271,002 (54.7) 98,893 (56.1) 89,933 (53.6) 82,176 (54.2) 
Age (years), mean (SD) 56.55 (8.1) 56.97 (7.8) 56.73 (8.1) 55.85 (8.3) 
Deprivation Townsend score, mean (SD) -1.31 (3.1) -0.91 (3.2) -1.4 (3.0) -1.63 (2.9) 
Ethnicity  
Whites 
South Asians 
Blacks 
Chinese 
Mixed background  
Others 
 
467,022 (94.6) 
9,681 (1.9) 
7,842  (1.6) 
1,537 (0.31) 
2,905  (0.59) 
4,440 (0.90) 
 
161,720 (92.3) 
6,520 (3.7) 
2,848 (1.6) 
768 (0.44) 
2,307 (1.3) 
1,057 (0.60) 
 
159,859 (95.7) 
2,245 (1.3) 
2,292 (1.4) 
494 (0.30) 
894 (0.54) 
1,251 (0.75) 
 
145,443 (96.2) 
916 (0.61) 
2,702 (1.8)) 
275 (0.18) 
954 (0.63) 
882 (0.58) 
Smoking status, n (%) 
   Never 
   Previous 
   Current  
 
270,505 (54.8) 
170,968 (34.7) 
51,763 (10.5) 
 
97,302 (55.6) 
58,355 (33.3) 
19,439 (11.1) 
 
91,400 (54.7) 
58,427 (35.0) 
17,151 (10.3) 
 
81,803 (54.1) 
54,186 (35.8) 
15,173 (10.0) 
Obesity-related markers     
BMI, mean (SD) 27,43 (4.8) 27.57 (5.1) 27.23 (4.6) 27.48 (4.6) 
BMI Categories, n (%) 
   Underweight  (<18.5) 
   Normal weight (18.5-24.9) 
   Overweight (25.0 to 29.9) 
   Obese (≥30.0) 
 
2,597 (0.5) 
161,099 (32.6) 
210,017 (42.4) 
120,974 (24.4) 
 
1,296 (0.7) 
57,050 (32.5) 
71,574 (40.7) 
45,759 (26.1) 
 
816 (0.5) 
56,662 (33.8) 
71,678 (42.8) 
38,317 (22.9) 
 
485 (0.3) 
47,387 (31.3) 
66,765 (44.1) 
36,898 (24.3) 
% Body fat, mean (SD) 31.48 (8.5) 32.25 (8.7) 31.18 (8.5) 30.92 (8.4) 
Fat free mass (kg), mean (SD) 53.17 (11.5) 51.36 (10.9) 53.12 (11.3) 55.31 (11.9) 
Fitness and Physical activity     
Fitness (METs), mean (SD) 9.53 (2.7) 9.28 (2.7) 9.61 (2.8) 9.79 (2.8) 
Tertile of fitness 
   Low, n (%) 
   Middle, n (%) 
   High, n (%) 
 
22,324 (33.3) 
22,307 (33.3) 
22,366 (33.4) 
 
9,878 (37.4) 
8,719 (33.1) 
7,779 (29.5) 
 
7,341 (31.7) 
7,731 (33.4) 
8,072 (34.9) 
 
5,105 (29.2) 
5,857 (33.5) 
6,515 (37.3) 
Grip strength (kg), mean (SD) 30.56 (11.0) 22.90 (8.0) 31.23 (8.5) 38.71 (10.3) 
Total PA (MET.h-1.week-1), mean (SD) 41.12 (51.8) 37.38 (50.2) 41.90 (51.8) 44.62 (53.2) 
Sedentary behaviour (h.day-1) 5.02 (2.3) 5.03 (2.4) 5.02 (2.2) 5.00 (2.2) 
Health status, n (%)     
Diabetes history 25,969 (5.3) 12,656 (7.2) 7,670 (4.6) 5,643 (3.7) 
Cancer history 38,236 (7.7) 14,740 (8.4) 12,776 (7.6) 10,720 (7.1) 
Heart attack history 11,411 (2.3) 5,015 (2.9) 3,662 (2.2) 2,734 (1.8) 
Angina history 11,183 (2.3) 5,214 (3.0) 3,496 (2.1) 2,473 (1.6) 
Stroke history 6,135 (1.2) 3,133 (1.8) 1,703 (1.0) 1,299 (0.9) 
High blood pressure history 118,644 (24.0) 44,261 (25.2) 39,438 (23.6) 34,945 (23.1) 
Long-standing illness 157,556 (32.6) 68,883 (40.3) 49,176 (30.1) 39,497 (26.6) 
BMI body mass index; PA physical activity; MET basal metabolic-equivalent; SD standard deviation; n number 
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Table S4. Univariate correlations between fitness, grip strength, and physical activity 
Correlation  Fitness Grip strength Total PA 
Fitness (METs) 1.00 r: 0.415* 
r: 0.419* ⱡ 
r: 0.111* 
r: 0.111*ⱡ 
 
Grip strength (kg)  1.00 r: 0.088* 
r: 0.085*ⱡ 
Total PA (MET.h.week-1)   1.00 
The association between variables were determined with linear regression analysis.  
*p<0.0001 
ⱡ Cases with diagnoses of diabetes, cancer and heart disease excluded from the analysis. 
 
 
 
 
  
26 
 
Table S5.  Cox proportional hazard model of the association between physical activity, grip strength and cardiorespiratory fitness and CVD events 
Physical activity n Number 
of events 
HR per 1 SD decrease P HR per 5 MET.hr-1.week-1 
decrease 
P 
Model 0 465,290 2,456 1.06(1.01;1.11) 0.009 1.03(1.02;1.04) <0.0001 
Model 1 450,382 2,373 1.05(1.01;1.09) 0.033 1.02(1.01;1.03) 0.003 
Model 2 435,549 2,288 1.04(1.01;1.09) 0.041 1.01(1.00;1.02) 0.033 
Model 3 435,549 2,288 1.03(0.98;1.06) 0.305 1.01(1.00;1.02) 0.071 
Model 4 402,916 2,029 1.02(0.97;1.06) 0.460 1.01(0.99;1.01) 0.183 
Grip strength   HR per 1 SD decrease   HR per 5 kg decrease  
Model 0 465,290 2,456 1.30(1.25;1.35) <0.0001 1.18(1.15;1.21) <0.0001 
Model 1 450,382 2,373 1.24(1.19;1.30) <0.0001 1.15(1.11;1.18) <0.0001 
Model 2 435,549 2,288 1.18(1.13;1.24) <0.0001 1.12(1.08;1.15) <0.0001 
Model 3 435,549 2,288 1.18(1.13;1.23) <0.0001 1.12(1.08;1.15) <0.0001 
Model 4 402,916 2,029 1.18(1.13;1.24) <0.0001 1.12(1.09;1.16) <0.0001 
Cardiorespiratory fitness   HR per 1 SD decrease  HR per 1-MET decrease  
Model 0 63,894 154 1.41(1.17;1.68) <0.0001 1.13(1.06;1.22) <0.0001 
Model 1 61,173 152 1.36(1.12;1.64) 0.002 1.12(1.04;1.20) 0.003 
Model 2 59,306 149 1.33(1.10;1.62) 0.004 1.11(1.03;1.19) 0.004 
Model 3 59,306 149 1.32(1.09;1.61) 0.005 1.11(1.03;1.20) 0.005 
Model 4 54,720 126 1.37(1.11;1.70) 0.003 1.12(1.04;1.22) 0.005 
Data presented as Hazard Ratio (95%CI). A 1 SD change in fitness, grip strength and total physical activity is equivalent to 2.3 METs, 6.2 kg and 2845 MET.h.week-1 for 
women and 2.7 METs, 8.9 kg and 3379 MET.h.week-1 for men, respectively. 
Model 0 was adjusted for age and sex. 
Model 1 was adjusted for sex, age, ethnicity, smoking status, deprivation index, BMI and alcohol intake. 
Model 2 was adjusted for model 0 plus depression, cancer, diabetes, or long-standing illness. 
Model 3 for grip strength was adjusted for model 1 plus total sedentary time and total physical activity.  
Model 3 for fitness was adjusted for model 1 plus total sedentary time, total physical activity and grip strength.  
Model 3 for total physical activity was adjusted for model 1 plus total sedentary time and grip strength.  
Model 4 was adjusted as model 2 but individuals with cancer were excluded.  
SD standard deviation; HR hazard ratio; MET basal metabolic equivalent. 
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Table S6. Cox proportional hazard models of the association between physical activity and CVD events by tertile of fitness and grip strength3 
   Quintiles of Physical Activity    
All Total 
number 
Number 
of events 
Q5 (Highest) Q4 Q3 Q2 Q1 (Lowest) Hazard Ratio 
per one 
quintile change 
in physical 
activityⱡ 
P-trend P-
interaction 
Cardiorespiratory 
fitness* 
         
 
 
Lowest  19,226 69 1.00(reference) 1.39(0.58;3.29) 1.45(0.61;3.41) 1.74(0.73;4.16) 1.85(0.81;4.26) 1.10(0.85;1.41) 0.038 
0.645 Middle 20,001 48 1.00(reference) 0.86(0.33;2.24) 0.95(0.37;2.39) 1.22(0.51;2.90) 1.76(0.58;5.30) 1.08(0.87;1.33) 0.468 
Highest  20,233 35 1.00(reference) 1.16(0.42;3.22) 1.46(0.54;3.95) 0.98(0.31;3.11) 1.41(0.57;3.49) 1.07(0.91;1.27) 0.453 
           
Grip strength*           
Lowest  148,917 891 1.00(reference) 1.04(0.82;1.32) 1.10(0.87;1.39) 1.22(0.98;1.50) 1.37(1.11;1.69) 1.08(1.03;1.13) 0.001 
0.014 Middle  149,092 781 1.00(reference) 0.90(0.71;1.12) 0.95(0.75;1.18) 0.94(0.75;1.17) 0.98(0.78;1.22) 1.00(0.95;1.05) 0.961 
Highest   137,540 616 1.00(reference) 0.93(0.73;1.19) 0.92(0.71;1.17) 0.81(0.62;1.04) 0.92(0.71;1.17) 0.97(0.92;1.02) 0.266 
Data presented as adjusted Hazard Ratio (95%CI). ⱡ HR are presented per quintile decrease in PA by fitness and grip strength strata.  
*Analyses were adjusted for age, sex, ethnicity, deprivation index, BMI, smoking status, total sedentary time, alcohol intake, depression, cancer, diabetes, or long-standing 
illness. 
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Table S7. Cut-off point for age and sex-specific physical activity quintiles.  
Sex Age group Q1 (Lowest) Q2 Q3 Q4 Q5 
(Highest) 
Women <56 years <370 371 – 977 978 – 1806 1807 – 3360 >3360 
 56 to 65 years <346 347 – 973 974 – 1862 1864 – 3555 >3555 
 >65 years <344 345 – 993 994 – 1953 1954 – 3816 >3816 
Men <56 years <418 419 – 1113 1114 – 2076 2077 – 3972 >3972 
 56 to 65 years <412 413 – 1092 1093 – 2066 2067 – 3999 >3999 
 >65 years <480 480 -  1199 1200 - 2238 2239 - 4266 >4266 
Data presented as MET.h.week-1. 
 
Table S8. Cut-off point for age and sex-specific grip strength tertiles.  
Sex Age group Q1 (Lower) Q2 Q3 (Higher) 
Women <56 years <23 23 – 28 >28 
 56 to 65 years <20 20 – 25 >25 
 >65 years <18 18 – 23 >23 
Men <56 years <38 38 – 46 >46 
 56 to 65 years <35 35 – 42 >42 
 >65 years <33 33 – 39 >39 
Data presented as kg. 
 
Table S9. Cut-off point for age and sex-specific fitness tertiles.  
Sex Age group Q1 (Lower) Q2 Q3 (Higher) 
Women <56 years <8.2 8.2 – 10.1 >10.1 
 56 to 65 years <7.0 7.0 – 8.6 >8.6 
 >65 years <6.3 6.3 – 7.8 >7.8 
Men <56 years <10.3 10.3 – 12.5 >12.5 
 56 to 65 years <9.3 9.3 – 11.4 >11.4 
 >65 years <8.5 8.5 – 10.5 >10.5 
Data presented as METs. 
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